A laboratory study of the alkaline-surfactant-polymer (ASP) process was conducted. It was found from phase-behavior studies that for a given synthetic surfactant and crude oil containing naphthenic acids, optimal salinity depends only on the ratio of the moles of soap formed from the acids to the moles of synthetic surfactant present. Adsorption of anionic surfactants on carbonate surfaces is reduced substantially by sodium carbonate, but not by sodium hydroxide. The magnitude of the reduction with sodium carbonate decreases with increasing salinity.
Background
Although both injection of surfactants and injection of alkaline solutions to convert naturally occurring naphthenic acids in crude oils to soaps have long been suggested as methods to increase oil recovery, key concepts such as the need to achieve ultralow interfacial tensions and the means for doing so using microemulsions were not clarified until a period of intensive research between approximately 1960 and 1985 (Reed and Healy 1977; Miller and Qutubuddin 1987; Lake 1989) . Most of the work during that period was directed toward developing micellar-polymer processes to recover residual oil from sandstone formations using anionic surfactants. However, Nelson et al. (1984) recognized that in most cases the soaps formed by injecting alkali would not be at the "optimal" conditions needed to achieve low tensions. They proposed that a relatively small amount of a suitable surfactant be injected with the alkali so that the surfactant/soap mixture would be optimal at reservoir conditions. With polymer added for mobility control, the process would be an alkaline-surfactant-polymer (ASP) flood. The use of alkali also reduces adsorption of anionic surfactants on sandstones because the high pH reverses the charge of the positively charged clay sites where adsorption occurs.
The initial portion of a Shell field test, which did not use polymer, demonstated that residual oil could be displaced by an alkaline-surfactant process (Falls et al. 1994) . Several ASP field projects have been conducted with some success in recent years in the US (Vargo et al. 2000; Wyatt et al. 2002) . Pilot ASP tests in China have recovered more than 20% OOIP in some cases, but the process has not yet been applied there on a large scale (Chang et al. 2006) .
Nevertheless, important aspects of the ASP process remain incompletely understood. One, which we address in this paper, is how to make surfactant and soap propagate in such a way as to maintain ultralow tension. Another is that application of surfactant processes, including ASP, to carbonate reservoirs received little attention until the last few years, probably owing to concern that the main surfactants being considered (e.g., alkyl/aryl sulfonates) would form calcium and magnesium sulfonates that would either precipitate or partition into the oil phase. An exception was the work of Adams and Schievelbein (1987) , who found from laboratory experiments and two well pair tests that oil could be displaced in a carbonate reservoir using a mixture of petroleum sulfonates and alkyl ether sulfates or alkyl/aryl ether sulfates.
Carbonate reservoirs are typically mixed-wet and often fractured as well. As a result, considerable effort has been directed toward promoting spontaneous imbibition of aqueous solutions by adding surfactants to alter wettability. Standnes and Austad (2003) suggested using cationic surfactants to promote desorption of acids from carbonate rock surfaces, making the rock more water-wet. Others have investigated the effectiveness of various surfactants in altering wettability (Spinler et al. 2000; Chen et al. 2001; Xie et al. 2005 ). Hirasaki and Zhang (2004) showed that if sodium carbonate was used as the alkali and injected with a suitable anionic surfactant, the usual positive charge of carbonate rocks could be reversed, with the result that surfactant adsorption was greatly decreased and oil-wet surfaces were modified to intermediate wet. They found that a significant amount of oil could be recovered from an initially mixed-wet carbonate core placed in an imbibition cell containing a suitable aqueous solution of surfactant, sodium carbonate, and sodium chloride. The wettability modification allowed the surfactant solution to enter, and the resulting low interfacial tension reduced capillary forces to the point that oil rose to the top of the core, where it was released. No oil was recovered when a sodium chloride solution was used instead. They proposed that such alkaline-surfactant solutions could be injected into fractured carbonate formations to increase recovery. Mohanty and coworkers (Seethepali et al. 2004; Adibhatla et al. 2005 ) pursued a similar approach experimentally and performed simulations of how such a process would perform for field conditions. dated sandpacks for an ASP process using a novel surfactant, a propoxylated sulfate having a slightly branched C 16-17 hydrocarbon chain. The propylene oxide provides increased tolerance to salt and divalent ions. The branched hydrocarbon chain, recently developed by Shell Chemical with Procter and Gamble (Scheibel 2004) , mitigates the formation of liquid crystalline phases in the absence of oil, thereby permitting surfactant injection as a singlephase micellar solution at ambient temperature with no added alcohol or oil below or at optimal salinity for many oils. In contrast, alkyl/aryl sulfonates considered previously for EOR exhibited liquid crystal formation well below and at optimal salinity in the absence of substantial amounts of alcohol or oil. Moreover, the long hydrocarbon chain and the attached PO chain allow this new surfactant to have high oil solubilization and hence low interfacial tensions over a wide range of conditions. It is studied in combination with an internal olefin sulfonate , which is more hydrophilic and can be used to adjust optimal salinity of the mixture, and with sodium carbonate as the alkali and partially hydrolyzed polyacrylamide as the polymer. Recovery of 98% of residual crude oil having a viscosity of 19 cp was observed in a vertical dolomite sandpack at ambient temperature using a surfactant slug of 0.5 PV containing 0.2 wt% surfactant. Similar excellent recovery was also seen in a silica sandpack. A 1D finite-difference simulator, which tracked transport of soap and injected surfactant separately, gave predictions in good agreement with the experimental results in both cases. A gradient in soap-to-surfactant ratio in the direction of flow develops with ultralow tensions being achieved near the value of this ratio corresponding to optimal conditions at formation salinity. This gradient acts to make the process more robust in a manner similar to a salinity gradient in a conventional surfactant EOR process. The simulations indicate that another important factor leading to the high recovery observed in the sandpack experiments is the unusually wide range of conditions for which low interfacial tensions were found in the laboratory experiments.
A process using mixtures of the same two surfactants and the same polymer but with added alcohol and no alkali has been developed in parallel by Levitt et al. (2006) for recovery of another crude oil from dolomite cores.
Experimental
Crude oil samples MY3 and MY4 from a west Texas field were used. Both came from the same well, and have very similar properties. API gravity is 28, and acid number is reported to be 0.20 mg KOH/g. Water was deionized with a conductivity of 4-7 mS/cm. Anhydrous sodium carbonate powder (99.8% purity with 0.005% calcium), NaCl (certified for biological work), and CaCl 2 и2H 2 O (ACS certified) were all obtained from Fisher Scientific. A partially (25-30%) hydrolyzed polyacrylamide Flopaam 3330S with a molecular weight of approximately 8 million was obtained from SNF Floerger. The two surfactants studied were ammonium C 16-17 7PO sulfate (hereafter shortened to N67) supplied by Stepan and sodium C 15-18 internal olefin sulfonate (hereafter IOS) supplied by Shell. Table 1 lists key abbreviations used in this paper.
Surfactant adsorption was measured on calcite and dolomite. Calcite powder (SOCAL31) was acquired from Solvay Performance Chemicals. Its surface area determined by BET adsorption was 17.9 m 2 /g. Dolomite powder (Carl Pool Products) was also used for some experiments. Surface area was 1.7 m 2 /g. The initial surfactant concentration in aqueous solution was fixed, and calcite or dolomite was added in increments with equilibrium surfactant concentration determined after each addition. Potentiometric titration (Metrhom Titrino Model 716, from Brinkman Instruments) with hyamine 1622 (benzethonium chloride, from GallordSchlesinger Industries) was used for this purpose. The adsorption density was calculated by mass balance.
Surfactant solutions and oils were mixed at a specific water/oil ratio (WOR) in glass vials or pipettes. They were first shaken well by hand for 1 minute, then mixed on a rotating shaker for 24 hours. Afterward, they were put in an upright position and allowed to settle.
Interfacial tensions were determined using a University of Texas Model 300 Spinning Drop Tensiometer equipped with a video camera (JEM6222, Javelin) and a video micrometer (VIA-100, Boecheler).
Dolomite sand (Unimin Corporation) and silica sand (US Silica Ottawa Foundry) were used for the sandpack experiments. Fluids were injected with an ISCO injection pump Model 2350. A pressure transducer was placed at the inlet to determine the pressure drop across the sandpack, the outlet of which was at atmospheric pressure.
Phase Behavior of Oil-Free Surfactant Solutions
Effect of Salt. Fig. 1 shows the phase behavior at ambient temperature of aqueous solutions containing 3 wt% (active) of mixtures of N67 and IOS as a function of added NaCl for a fixed 1 wt% concentration of Na 2 CO 3 , but no alcohol at ambient temperature. IOS exhibits precipitation above 4 wt% NaCl. In contrast, no precipitation occurs and a surfactant-rich liquid phase less dense than brine forms as NaCl content increases for solutions containing N67 and its mixtures having up to 75% IOS. The line is drawn for conditions where separation of a second bulk phase was seen. The solutions appeared cloudy at salinities slightly below the line, indicating that some small droplets of the new phase were present. The phase transition occurs at higher salinities as IOS is initially added to N67, reaching a maximum near 8 wt% NaCl for a 1/1 blend. For the 4/1 mixture of N67/IOS, which we shall call the NI blend, it occurs at approximately 6 wt% NaCl. For N67 alone, but not for the mixtures, some cloudiness was observed in initially clear solutions after several months even at low salinities (data points with additional +). The transition at high IOS contents between formation of the second liquid phase and precipitation (dashed line in Fig. 1 ) was not studied, as these compositions are of little interest for purposes of the present paper.
The significance of Fig. 1 is that N67/IOS mixtures can be injected as a single-phase micellar solution of relatively low viscosity at ambient temperature at salinities approaching or in some cases even exceeding optimal salinity for many oils without addition of alcohol or oil, a situation rarely found for petroleum sulfonate and synthetic sulfonate systems considered previously for EOR. Injection of a single-phase solution is important because Table  1 for the definition of N67 and IOS as well as for other abbreviations in later figures.) formation of precipitate, liquid crystal, or a second liquid phase can lead to nonuniform distribution of injected material and nonuniform transport owing to phase trapping or different mobilities of coexisting phases.
For example, optimal conditions for the NI blend with 1 wt% Na 2 CO 3 and MY4 crude oil occur at salinities up to approximately 5 wt% NaCl (see Fig. 2 , which is discussed later). Thus, the entire optimal curve for NI blend is below the phase separation point of Fig. 1 for the oil-free solution. For comparison, optimal salinity in Healy and Reed's classic study with a synthetic C 12 orthoxylene sulfonate, tertiary amyl alcohol, and a mixture of refined oils occurred at 1.5 wt% NaCl (Reed and Healy 1977) . However, the oil-free surfactant/alcohol/brine mixtures were dispersions of the lamellar liquid crystalline phase or a single lamellar phase for solutions containing 0-4 wt% NaCl (Miller et al. 1986 ). The lamellar phase consists of multiple stacked surfactant bilayers. The branched nature of the N67 and IOS hydrocarbon chains is an important factor in inhibiting liquid crystal formation. Straighter chains can pack more easily into compact surfactant aggregates, such as bilayers.
Separation of a surfactant-rich liquid on increasing salinity in this anionic surfactant system is similar to that seen in nonionic surfactant solutions as temperature is raised above the cloud point. In both cases, phase separation, which is thought to involve aggregation of or network formation by micelles, takes place as the surfactant is made less hydrophilic.
Effects of Propylene Oxide, Calcium, and Polymer. In addition to the effect of hydrocarbon chain branching discussed previously, the presence of an ethylene oxide and/or propoxylene oxide chain in such anionic surfactant systems seems to promote formation of a surfactant-rich liquid instead of lamellar phase. For instance, a straight-chain C 12-13 ethoxylated sulfate having three ethylene oxide groups exhibited formation of a second liquid phase at 30°C upon adding 12.5 wt% NaCl (Mori et al. 1990 ). Similar behavior was seen for a 1:1 blend of a similar surfactant and a propoxylated sulfate having an iso-C 13 hydrophobe (Zhang 2006 ) (TC blend, see Table 1 ). Phase separation in this latter case occurred at 5% NaCl (with 1% Na 2 CO 3 present). Optimal salinities for these surfactants with representative oils are higher than the respective phase separation salinities. For instance, Fig. 2 shows an optimal salinity of approximately 12 wt% NaCl for the TC blend itself with MY4 crude (i.e., at low soap-to-surfactant ratios). The TC blend could, in principle, be used in alkaline/surfactant processes for this crude oil if injected at salinities where it remains a micellar solution, as shown by Hirasaki and Zhang (2004) . However, the NI blend is preferable in this case as its optimal salinity is not as far above that of the naphthenic soaps but is still above field salinity. As a result, optimal conditions and hence low interfacial tensions are less sensitive to changes in the soap-to-surfactant ratio for the NI blend, as shown by the lower slope of its curve in Fig. 5 .
As indicated previously,, such behavior is different from that of petroleum and other alkyl/aryl sulfonates, where addition of NaCl typically produced separation of the lamellar liquid crystalline phase at salinities well below optimal conditions for representative oils. Similar behavior with dispersions of the lamellar phase appearing well below optimal salinity in the absence of alcohol and oil was also observed for an iso-C 13 propoxylated, ethoxylated sulfate (Ghosh 1985) . This surfactant was studied by Exxon for use in high-salinity reservoirs. Apparently, the branched hydrophobes of N67 and IOS produced more resistance to formation of surfactant bilayers than the iso-C 13 hydrophobe. Fig. 3 shows behavior when CaCl 2 is added to 0.5 wt% mixtures of the two surfactants with 2 wt% NaCl present, but no Na 2 CO 3 . A solid precipitate is observed for IOS alone and for the mixture containing 80% IOS for CaCl 2 concentrations exceeding approximately 0.1 and 0.25 wt%, respectively. Except when IOS content falls below 10%, tolerance to calcium ions is approximately 1 wt% CaCl 2 for mixtures having higher contents of N67. For these mixtures, separation of a viscous, surfactant-rich phase denser than brine occurs at high concentrations of CaCl 2 .
As in petroleum sulfonate systems, addition of a high molecular weight polymer can cause phase separation. Fig. 4 shows that increasing NaCl content from 2 to 4 wt% produces phase separation in a solution containing 0.5 wt% NI blend, 1 wt% Na 2 CO 3 and 0.5 wt% Flopaam 3330S, a partially hydrolyzed polyacrylamide. Larger micelles are expected at the higher salinity, which promotes separation into surfactant-rich and polymer-rich phases. Formation of molecular complexes between the anionic surfactant and anionic polymer are unlikely owing to electrical repulsion.
Phase Behavior With Oil
Importance of Soap-to-Surfactant Ratio. Fig. 5 shows variation of phase behavior with NaCl concentration for alcohol-free solutions containing 0.2 wt% (active) NI blend and 1 wt% Na 2 CO 3 mixed with MY4 crude oil at a water-to-oil (WOR) ratio of 3 and stored at ambient temperature for 40 days. From the reported acid number of this crude oil (0.2 mg KOH/g), soap-to-surfactant ratio was calculated to be 0.35, assuming that pH is high enough to saponify virtually all the acid. Its appearance seems to be that of a conventional Winsor I, III, II microemulsion sequence (Reed and Healy 1977) with some remaining emulsion that has not yet coalesced. We argue in the following that the situation is in actuality more complex. We will use the term optimal salinity to designate that point at which the solubilization ratios (V o /V s ) and (V w /V s ) of oil and water to surfactant are equal.
Results for several such salinity scans (Zhang 2006) showed that, if the effect of the soap was ignored, optimal salinity was a function of both surfactant concentration of the solution and WOR. Each salinity scan had a fixed soap-to-surfactant ratio. Fig. 2 shows that results for the various scans can be collapsed onto a single curve depicting optimal salinity as a function of soap-tosurfactant ratio for both the NI and TC blends. At large and small values of this ratio, optimal salinity approaches those of the soap alone (approximately 0.5% NaCl) and surfactant alone (5% and 12% NaCl for NI and TC blends respectively), both in addition to 1 wt% Na 2 CO 3 . For the TC blend, data points at different values of WOR are explicitly shown, although both WOR and surfactant concentration were also varied for the NI blend. The optimal salinity of the soap formed from a crude oil is usually below field salinity. In this case, the surfactant chosen for an ASP flood should have its optimal salinity above the field value. Such a choice will facilitate development of a gradient in soap-to-surfactant ratio passing through the low-tension region, as discussed next.
Special Features of Phase Behavior. Observation over time of the samples below optimal salinity in Fig. 5 revealed that drops or particles of material less dense than the lower-phase microemulsion rose to the oil-microemulsion interface over time. As a result, a thin layer of a colloidal dispersion formed, as shown in more detail in Fig. 6 for a similar sample with 2 wt% NaCl, but with 23 days settling. As demonstrated in the following section, the material in this colloidal dispersion is essential for achieving interfacial tensions (IFT) that are very low in the Winsor I region. It is not simply a collection of drops having the same composition as the crude oil that have not yet coalesced with the excess oil phase, because such drops would not affect IFT. The low density of the dispersed material suggests a higher ratio of oil to brine than in the lower phase. The volume of this dispersion increases with increasing salinity below optimal salinity for the scan at WOR‫3ס‬ shown in Fig. 5 . Moreover, its volume was significantly greater for the same surfactant concentration at WOR‫,1ס‬ which contained more soap and less surfactant. This latter result suggests that the dispersed material has a higher soap-to-surfactant ratio than the lower phase and hence is more lipophilic than the lower phase, with the capability of solubilizing more oil but less brine.
The nature of the colloidal dispersion discussed previously for underoptimum samples remains under investigation. Its dispersed material may be a second microemulsion, which, because it is more lipophilic than the lower-phase microemulsion, would have a lower IFT than the lower-phase microemulsion with excess oil. The existence of two microemulsions in equilibrium is possible for mixtures of surfactants very different in structure and in hydrophilic/lipophilic properties, as is the case here. Low IFT between the microemulsion phases would contribute to ease of dispersion of one in the other. Such behavior represents a deviation from the classical Winsor I behavior of a single microemulsion plus excess oil for underoptimum conditions.
As shown in the following, optimal salinity for the salt scan of Fig. 5 , as defined by conditions for equal solubilization of oil and brine, is approximately 3.5% NaCl . Fig. 7 , the same scan as seen when the samples are placed between perpendicularly oriented sheets of polarizing material, shows that slightly below optimal salinity at 3.2% NaCl the lower phase becomes birefringent. Nevertheless, it behaves as a Newtonian fluid with a low viscosity of approximately 1.1 mPaиs (1.1 cp), according to our measurements using a cone and plate viscometer. Its interface with oil is mobile when the pipette is tilted and IFT is ultralow, as discussed next. For overoptimum conditions, a thin birefringent layer exists above the excess brine. It is separated from the uppermost phase, which is presumably an oil-continuous microemulsion, by a dispersion of the birefringent and microemulsion phases. Equal oil and brine solubilization corresponds to conditions when surfactant films have no tendency to curve toward either an oil-continuous or brine-continuous configuration and thus is favorable for formation of the lamellar liquid crystalline phase, which consists of many parallel surfactant bilayers and exhibits birefringence. In view of its low overall surfactant concentration and viscosity, the birefringent region seen at 3.2% NaCl in Fig. 7 is likely a dispersion of the lamellar phase in a water-continuous microemulsion. That the dispersion has not separated after 40 days indicates that the two phases have nearly equal densities. At higher salinities, the thin birefringent region is probably a lamellar phase. Interfaces in these overoptimum samples remained mobile after 40 days.
Coexistence of a lamellar phase and a microemulsion has previously been observed at relatively low surfactant concentrations when alcohol concentration or temperature in certain microemulsions containing anionic surfactant fell below values needed to obtain the usual Winsor phase behavior with no liquid crystal (Hackett and Miller 1988) . The Winsor sequence can be obtained in alkaline systems with N67 and MY4 by adding alcohol (Zhang 2006) , but interfacial tensions are expected to rise with increasing alcohol content.
Solubilization Ratios. A solubilization ratio (V o /V s ) can be calculated as the ratio of the volume of solubilized oil to the volume of surfactant present (excluding soap) for the underoptimum samples. The volume of solubilized oil is the difference between the volume of the initial oil in the sample and that of the excess oil phase after equilibration. It represents a composite value for the combined lower phase microemulsion and surfactant-containing phase in the dispersion. As Fig. 8 shows, values of (V o /V s ) increase from approximately 7 at 2% NaCl to approximately 20 at 3.4% NaCl, just below optimal salinity. Similar values were found for a scan with 0.5 wt% NI blend, except that the salinities were higher with optimal salinity of approximately 4.5% NaCl because the soap-to-surfactant ratio was smaller. Above optimal salinity, a similar procedure can be used to obtain an overall (V w /V s ), as shown in Fig. 8 . At salinities well below or above optimal, the combination of low solubilization and some emulsion precluded determination of solubilization ratios from phase volumes. Huh (1979) proposed for classical Winsor III behavior that solubilization ratios for the microemulsion phase and interfacial tensions of the microemulsion with excess oil and brine phases were related as follows:
where c is a constant for each system. He found that results available for EOR systems at that time were consistent with these expressions for values of c near 0.3 mN/m. Using the first of these equations with c‫3.0ס‬ mN/m and with (V o /V s ) from Fig. 8 to estimate IFT below optimal salinity and similarly for (V w /V s ) above optimal salinity, we obtain the predicted behavior of IFT shown in Fig. 9 . Near optimal salinity where the two curves of Fig.  8 cross, an estimate of both solubilization ratios is 50, which would lead to the lowest tensions, as indicated by the dip in the curve in Fig. 9 representing the correlation predictions. The experimental interfacial tensions shown are discussed in the next section. We note that some surfactant-oil-brine systems form highly viscous phases or emulsions, which would be unfavorable for EOR. As indicated both by the rather mobile nature of the interfaces in scans such as that of Fig. 5 and by the results of the sandpack experiments described next, formation of highly viscous material does not appear to be a problem in the present system with proper process design.
Interfacial Tension
A key requirement of alkaline/surfactant processes is achieving ultralow interfacial tensions. If such tensions correlate with optimal phase behavior and high solubilization as in previous EOR work, they must depend on the soap-to-surfactant ratio, according to Fig. 2 . Because the amount of soap present for a given volume of crude oil is dictated by its acid number, relatively low surfactant concentrations are required if quantities of soap and surfactant are to be comparable for experiments such as those of the preceding section. As a result, volumes of some surfactant-containing phases are small and, as indicated previously, they sometimes occur as dispersions. These factors make it challenging to obtain reproducible measurements of interfacial tension.
For the scan of Fig. 5 with 0.2 wt% NI blend, it was found that below optimal salinity, measured tensions between the lower phase and excess oil depended on the settling time between the end of the mixing process and the sampling of the lower phase (well below the interface) and excess oil. Fig. 10 shows that for the sample containing 2 wt% NaCl, low tensions (i.e., those below 0.01 mN/ m) were achieved only for settling times of approximately 4 hours or less. These results suggest that low tensions were not obtained once most of the colloidal material dispersed in the lower phase had risen to the vicinity of the interface and thus was not sampled. A protocol given in Appendix A was developed to assure that enough of the dispersed material was initially present in the lowerphase sample to achieve low tensions but not so much as to obscure the oil drop during the spinning-drop measurement, when the dispersed material collects in the form of a cloud of small droplets or particles near the larger drop of excess oil. An example of the latter effect is shown in Fig. 11 , where the oil drop at the far left is almost invisible in the cloud. Some aspects of the protocol such as the rotation, settling, and pre-equilibration times of Steps 2, 3, and 6 are specific for this system, but the basic procedure should be useful in other systems with similar behavior. With this protocol, tensions below 0.01 mN/m were obtained over a wide salinity range both above and below optimal for the scan containing 0.2 wt% NI blend, as shown in Fig. 12 . Agreement with the solubilization ratio correlation is good except at 3.6%-3.8% NaCl (Fig. 9) , where measured tensions are higher but still low enough (near 0.001 mM/m) to mobilize oil and prevent trapping. If soap were included with the surfactant in calculating the solubilization ratios, the latter would be somewhat smaller and IFT predictions of the correlation would be somewhat larger and closer to the data in this salinity range. Fig. 12 further emphasizes that low tensions are not seen if the dispersed material is absent, owing either to long settling times or to its complete removal after being concentrated near the axis of the tube in the spinning-drop device before adding an oil drop. The two lower curves show that Step 6 of the protocol, preequilibration of oil drop and aqueous phase in the spinning drop tube before spinning, may not be required to achieve the equilibrium IFT value. However, the time of spinning required to reach the same constant IFT can be much longer-as much as 8 hourswithout Step 6 at the lower salinities (see Fig. 13 ).
For a salt scan identical to that of Fig. 5 but with no sodium carbonate present (and hence minimal soap), less colloidal dispersion was seen. Moreover, IFT values were below 0.01 mN/m over a much narrower range of NaCl concentrations, as the comparison of Fig. 14 shows. This result indicates that the wide range of low tensions with alkali present is a consequence of formation of naphthenic soaps.
Adsorption
Figs. 15 and 16 show adsorption isotherms of N67 and IOS on calcite powder for solutions containing no NaCl and either 0% or 1% Na 2 CO 3 . Adsorption is approximately 0.0035 and 0.007 mmol/ m 2 in the plateau region for the respective surfactants in the absence of Na 2 CO 3 , corresponding to 0.47 and 0.23 nm 2 /molecule, assuming a uniform monolayer. The latter number (for IOS) is close to the area of a single straight hydrocarbon chain. Because this surfactant consists of a mixture of molecules with the sulfonate group located at various places along the hydrocarbon chain, the adsorbed molecules are twin-tailed. As a result, their area per molecule should be approximately twice that of a single chain, and it seems likely that an adsorbed bilayer exists in the plateau region. Bilayers often form for adsorption of surfactant ions on surfaces of opposite charge at concentrations near and above the critical micelle concentration (CMC) because they expose a polar surface, which has a low free energy with the aqueous phase. The arrangement of adsorbed molecules for N67 is not clear.
The plateau region for each surfactant represents concentrations well above the CMC, where micelle composition is constant even for these commercial surfactants with numerous individual species because virtually all the surfactant is present in the micelles. The plateau region extends to lower surfactant concentrations for the more lipophilic N67 owing to its lower CMC.
Figs. 15 and 16 show the amount adsorbed per unit area because it is a fundamental property and can be converted to the amount adsorbed for a rock sample of known mass by measuring the pore area per unit mass of the sample. With the BET method, we found that the surface areas of two dolomite cores from a west Texas formation were 0.13 and 0.21 m 2 /g. Based on the average of these values and Fig. 15 , adsorption of N67 for this formation would be approximately 0.04 and 0.45 mg/g with and without sodium carbonate.
The most striking feature of Figs. 15 and 16 is the large reduction in adsorption produced by addition of Na 2 CO 3 -more than an order of magnitude for N67 and several-fold for IOS. This behavior is similar to that reported previously for the TC blend of an- Step 6 of the protocol (Appendix A) is followed. ionic surfactants mentioned previously and occurs for the same reason: Carbonate is a potential determining ion, which reverses the charge of the calcite surface from positive to negative, leading to repulsion of anionic surfactant ions (Hirasaki and Zhang 2004) . Hydroxide is not a potential determining ion for carbonate surfaces, and using NaOH instead of Na 2 CO 3 as the alkali produced no significant change in adsorption of the TC blend (Fig. 17) . While the results of Fig. 17 are for dolomite powder, a series of experiments with the TC blend showed that the adsorption per unit area was nearly the same for calcite and dolomite powders. Fig. 18 shows adsorption isotherms of the NI blend on calcite at different NaCl concentrations with and without 1 wt% Na 2 CO 3 . In the absence of NaCl, adsorption is comparable to that of N67 alone. As NaCl concentration increases, the beneficial effect of Na 2 CO 3 is reduced, presumably because the screening effect of the additional electrolyte decreases electrostatic repulsion between surfactant ions in solution and the calcite surface. Nevertheless, Na 2 CO 3 reduces adsorption by more than a factor of three for 3 wt% NaCl. Additional experiments showed that only 0.1-0.2 wt% Na 2 CO 3 was sufficient to produce the same decreases in adsorption as those shown in Fig. 18 for 1 wt% Na 2 CO 3 .
ASP Forced Displacement Experiments
An ASP process was conducted at ambient temperature using upward flow in a vertical, 35-darcy dolomite sandpack 1 ft long and 1 in. in diameter. After the sandpack was saturated with 2 wt% NaCl brine, MY4 crude oil (viscosity 19 mPaиs or 19 cp) was injected. Then, the sandpack was aged in an oven at 60°C for 60 hours to alter wettability of the dolomite. Waterflooding at ambient temperature with 3.2 PV of 2% NaCl brine reduced oil saturation from 98% to 18%.
Next, the ASP slug (0.5 PV) containing 0.2 wt% NI blend, 1 wt% Na 2 CO 3 , 2 wt% NaCl, and 0.5 wt% (5,000 ppm) Flopaam 3330S was injected at an interstitial velocity of 14 ft/day, followed by 1.0 PV of a drive with no surfactant or alkali but with the same NaCl and polymer concentrations and approximately the same viscosity (45 mPaиs or 45 cp) as the slug. The relatively high polymer concentration and viscosity of both slug and drive were used owing to the high viscosity of the crude oil. It bears emphasis that the injected NaCl concentration of 2 wt% was well below the optimal salinity of 5 wt% for the NI blend alone with this crude oil (Fig. 2) .
The two series of photos in Fig. 19 illustrate the formation and propagation of the oil bank and the effluent samples. Fig. 20 shows cumulative recovery of the waterflood residual oil. The oil bank broke through at approximately 0.8 PV and surfactant at 0.99 PV (based on the first observation of a colored microemulsion containing solubilized oil instead of transparent brine in the effluent). The process recovered 98% of the residual oil with 80% as clean oil. The small amount of oil solubilized in the aqueous effluent was not measured and hence not included in these numbers. Fig. 21 shows that the pressure drop across the sandpack increased steadily during injection of the first pore volume of viscous slug and drive fluid, then remained nearly constant at 2.8 psi (19 kPa). That is, no highly viscous phases or emulsions developed.
A similar ASP flood was performed in a vertical silica sandpack of the same dimensions. Permeability was 40 darcies, and less water was injected, so that remaining oil after waterflooding was 25% PV. Otherwise, the procedure and solution compositions were the same as previously described, except that the sandpack was not subjected to aging and the surfactant concentration in the slug was 0.5 wt% NI blend. Figs. 22 and 23 show photographs of the sandpack during the flood and cumulative oil recovery, respectively. Both development and propagation of the oil bank and recovery of 98% of the oil remaining after waterflooding at approximately 1.3 PV fluid injected are similar to the results for the dolomite sandpack, as is the pressure history (not shown). Surfactant broke through slightly earlier at 0.9 PV.
Another ASP flood in a similar silica sandpack was made with the same procedure and compositions, except that NaCl content of the brine was 4 wt% instead of 2 wt%. As Fig. 24 shows, considerable oil traveled behind the oil bank, which was much less distinct than in Fig. 22 . Moreover, pressure drop rose to 25 psi (172 kPa), nearly an order of magnitude greater than before Fig. 24 . The high pressure drop indicates that a highly viscous phase or emulsion was present, presumably owing to separation of the surfactant slug into polymer-rich and surfactant-rich phases at this salinity (shown in Fig. 4) . As Fig. 25 shows, the pressure drop rose sharply as the concentrated polymer phase was displaced by the polymer drive.
Simulation
A 1D, two-phase, multicomponent finite-difference simulator was developed to model the ASP process and was applied for flooding with the NI blend. Naphthenic acids in the oil are assumed to be completely converted to soap once the alkali front arrives. Along the optimal salinity curve of Fig. 2 , the partition coefficient between oil and water phases is taken as unity for both soap and surfactant and interfacial tension is assumed to be 0.001 mN/m. The IFT data of Fig. 12 , showing low IFTs over a wide range of salinities at a soap-to-surfactant ratio of 0.35, were used in generating the IFT contour plot of Fig. 26 (see Appendix B for details). Values of IFT from Fig. 26 at this soap-to-surfactant ratio shown in Fig. 12 are conservative at low (<2%) and high (>4%) NaCl concentrations, where solubilization ratios could not be determined accurately to confirm the low values of IFT measured. Both soap and surfactant are assumed to partition strongly into the aqueous and oil phases, respectively, at salinities somewhat below and above optimal. Fractional-flow curves for oil and aqueous phases were calculated as a function of IFT and viscosities of the phases, taking into account changes in residual oil saturation and shape of the relative permeability curves which occur as IFT is reduced. A horizontal displacement was assumed, and surfactant adsorption and longitudinal dispersion were incorporated into the simulator (Hirasaki et al. 2005) . Simulation parameters used to obtain the results described in the next paragraph are shown in Table 2 . They are basically those for the ASP floods described previously. Further details on the simulations are given in Appendix B.
An important feature of the simulator is its ability to follow transport of injected surfactant and soap generated from the oil separately, so that the ratio of their concentrations and hence IFT can be calculated as a function of position and time. For instance, the three plots on the left side of Fig. 27 show soap and surfactant concentrations, their ratio, IFT, and oil saturation as a function of position after injection of the 0.5 PV slug during the dolomite sandpack simulation. A gradient in the soap-to-surfactant ratio exists, with large values corresponding to overoptimum conditions ahead of the low-tension region and small values corresponding to underoptimum conditions behind it. When ultralow tensions exist over a broad range of conditions, as in Fig. 26 , the region of such tensions in Fig. 27 has a substantial length in the direction of flow. This region propagates along the sandpack, leaving very little residual oil. Because any trapping behind the oil bank occurs for underoptimum conditions, the particularly wide region of low IFT for such conditions shown in Fig. 26 is important for achieving high oil recoveries.
Another simulation was performed with a hypothetical narrower low-IFT region. The same optimal contour as in Fig. 26 was assumed with the same IFT of 0.001 mN/m. However, the contours for 0.01 mN/m for a soap-to-surfactant ratio of 0.35 were taken at NaCl concentrations of 3.4 and 3.6%, instead of 2.0 and 4.0% as in Fig. 26 . As shown on the right side of Fig. 26 , total oil recovery is reduced from 95 to 62% of the waterflood residual oil even though the minimum interfacial tension is the same. The reason is that once the soap-to-surfactant ratio drops below that corresponding to the minimum IFT, the soap begins to transfer from the oil into the aqueous phase. If the latter travels faster than the oil, soap-to-surfactant ratio of the solution in contact with the trailing oil falls rapidly, leading to a rise in IFT and oil trapping. If the region of ultralow tension is of considerable length, trapping is reduced.
Good mobility control is also essential for process success. Even with the broad region of ultralow tension of Fig. 26 , recovery falls from 95 to 86% if viscosity of the aqueous phase decreases from 40 to 24 mPa s (40 to 24 cp) for this viscous oil (19 mPa s or 19 cp).
Figs. 20 and 23 show that the simulator was able to match well the cumulative oil recovery curves of the sandpack experiments described above for both dolomite and silica sand. Parameters were adjusted slightly from those of Table 1 as required to be consistent with the conditions of the experiments (e.g., measured viscosities of the fluids, surfactant concentration, and residual oil saturation after waterflooding). Conclusions 1. Use of Na 2 CO 3 as the alkali in ASP processes can substantially reduce adsorption of anionic surfactants on carbonate surfaces, especially at low salinities. No significant reduction was seen when NaOH was used instead. 2. For a given synthetic surfactant and crude oil containing naphthenic acids, optimal salinity for alkaline conditions was found to depend only on the soap-to-surfactant ratio for the range of conditions studied. 3. Experiments at ambient temperature with a blend of a propoxylated sulfate with a slightly branched C 16-17 hydrophobe and an internal olefin sulfonate but with no alcohol have exhibited: a. Surfactant/alkali/brine solutions containing no oil that remain single-phase micellar solutions with increasing salinity until salinity reaches or exceeds optimal for representative oils, in contrast to most surfactants such as alkyl/aryl sulfonates investigated previously for EOR. b. Phase behavior with a crude oil for alkaline conditions and low-surfactant concentrations that has the appearance of the usual Winsor I, III, II sequence with some emulsion that has not yet coalesced. However, colloidal material, perhaps another microemulsion having a high soap content, is dispersed in the lower-phase microemulsion for underoptimum conditions. Solubilization parameters are high over a wide range of salinities. No highly viscous emulsions or gels were observed, although some birefringence was seen near and above optimal salinity. c. Interfacial tensions below 0.01 mN/m over a wide range of salinities both below and above optimal provided that enough of the dispersed colloidal material is present in the sample used for the measurement. The experimental range of IFT below 0.01 mN/m is in reasonable agreement with that predicted by Huh's correlation based on the measured solubilization ratios. d. 98% recovery of residual oil in ASP sandpack experiments for both dolomite and silica sands with the polymer being a partially hydrolyzed polyacrylamide and with surfactant concentrations in the slug as low as 0.2 wt%. Injection salinity was well below optimal for the synthetic surfactant alone, thereby avoiding phase separation in the presence of polymer. 4. A 1D numerical simulator was developed to model the ASP process. It predicted oil recovery curves in agreement with those of the sandpack experiments. By calculating transport of injected surfactant and soap formed from the crude oil separately, the simulations indicate that a gradient in soap-to-surfactant ratio develops with conditions shifting from overoptimum near the rear of the oil bank to underoptimum behind the main displacement front. The wide range of low tensions found for the surfactant blend used was found to be an important factor contributing to the high recovery predictions. 
Nomenclature
where S 1r is the residual saturation of aqueous phase, and S 2r is the residual saturation of oleic phase.
For the relative permeability, we calculate as follows: At high IFT, these parameters are for a water-wet system.
Interfacial Tension and Partitioning. Fig. 25 was constructed as follows: Based on the lowest measured IFT in Fig. 12 , IFT was taken to be 0.001 mN/m along the entire curve for the NI blend given in Fig. 2 , showing dependence of optimal salinity on soap/ surfactant ratio. For a soap/surfactant ratio of 0.35, where optimal salinity is approximately 3.5% NaCl, the point in the underoptimum region on the IFT contour for 0.01 mN/m was estimated to be at 2.0% NaCl, using the data of Fig. 12 . This choice is conservative because IFT values near 0.01 mN/m were seen at even lower salinities, according to Fig. 12 . However, emulsions present at these low salinities prevented confirmation of the low tensions by solubilization ratio measurements. In the overoptimum region, IFT was taken to be 0.01 mN/m at 4.0% NaCl for the same soap/ surfactant ratio. Here too, the choice is conservative because measured IFT values were near 0.01 mN/m at higher salinities, but emulsions precluded estimates of solubilization parameter. For the same soap/surfactant ratio, IFT was taken to be 0.1 mN/m at 0.5% and 5.0% NaCl. In view of Fig. 12 these choices are also conservative. Simulation results were insensitive to the exact location of the 0.1 mN/m IFT contours. Points on the IFT contours for other soap/surfactant ratios were located by assuming that a particular IFT (e.g., 0.01 mN/m) was the same percentage below (or above) the optimal value as when the ratio was 0.35. The partition coefficient K between oil and aqueous phases for the soap/surfactant mixture was calculated by the following empirical method.
Above Optimal Salinity. K ‫ס‬ 0.01 * 100 R where R = Salinity Optimal Salinity Below Optimal Salinity. K ‫ס‬ 1ր(0.01 * 100 R )
where R = Optimal Salinity Salinity .
Clearly, K‫1ס‬ at optimal salinity as required. Recovery predicted by the simulator was found to be relatively insensitive to the detailed expression for calculating K except that numerical instabilities were encountered if K varied too rapidly near optimal conditions. Numerical Details. Table 2 indicates that a value of dt/dx of 0.05 was used. This value is the largest where stability could be maintained during the finite-difference calculations with minimal numerical dispersion. For dt/dx‫,1.0ס‬ sometimes there was an instability problem. Similarly, the choice of 100 gridblocks reflects the smallest number for which the solution does not change significantly with an increasing number of gridblocks.
The surfactant breakthrough curve was determined for 1D nonadsorbing tracer experiments in dolomite sandpacks with a different but similar anionic surfactant mixture. When the simulator was used to match the results, a Peclet number of 500 was obtained. A similar value was found for experiments where surfactant was present in addition to the tracer. 
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